IMPORTANCE Mismatch repair (MMR) deficiency of DNA has been observed in up to 15% of sporadic colorectal cancers (CRCs) and is a characteristic feature of Lynch syndrome, which has a higher incidence in young adults (age, <50 years) with CRC. Mismatch repair deficiency can be due to germline mutations or epigenetic inactivation, affects prognosis and response to systemic therapy, and results in unrepaired repetitive DNA sequences, which increases the risk of multiple malignant tumors.
C olorectal cancer (CRC) is the third most common cancer in the United States and the second and third most common cause of cancer death in men and women, respectively. 1 Mismatch repair (MMR) deficiency of DNA is a characteristic feature of Lynch syndrome and has been observed in up to 15% of sporadic CRCs. Mismatch repair deficiency can be due to germline mutations in DNA mismatch repair genes (MLH1, MSH2, MSH6,orPMS2) or somatic epigenetic silencing of MLH1, which result in unrepaired repetitive DNA sequences. These altered sequences increase the risk of multiple cancers, but are most commonly associated with CRC. Historically, MMR deficiency testing was not uniformly recommended for all patients with CRC, but rather for individuals at higher risk for MMR deficiency based on personal or family history. The Amsterdam criteria (later updated to the Amsterdam II criteria) 2 and the Bethesda guidelines (later updated to the revised Bethesda guidelines) were developed to help identify patients at high risk for Lynch syndrome according to age, personal cancer history, and family cancer history due to a greater risk of high microsatellite instability (MSI-H) tumors in these patients. 3 Younger patients with CRC have an increased incidence of Lynch syndrome and MSI-H tumors. Due to this increased risk, long-standing national guidelines have recommended routine MMR deficiency testing for all patients with CRC younger than 50 years. [3] [4] [5] Unfortunately, testing guidelines are not always well implemented, often resulting in underascertainment of patients with MSI-H tumors. 6, 7 Universal MMR deficiency testing was proposed by Hampel et al 7 in 2008, but was not incorporated into the National Comprehensive Cancer Network guidelines until 2014. 5 Currently, most national consortiums recommend universal screening for MSI-H tumors in all patients with newly diagnosed CRC. [8] [9] [10] The purpose of this study was to evaluate recent utilization of MMR deficiency testing in adults with CRC using a large, contemporary, national data set during a period of increasing endorsement of universal testing. We also analyzed underuse of testing in patients with CRC younger than 50 years-a population with a wellestablished risk of MSI-H tumors-to identify and compare independent risk factors for potential nonadherence to recently implemented, universal testing guidelines.
Methods

Data Source
The National Cancer Database (NCDB) is a program of the American College of Surgeons Commission on Cancer and the American Cancer Society. It is one of the largest clinical registries in the world and serves as a resource for clinical surveillance and quality improvement for cancer programs participating in the Commission on Cancer. 11 The NCDB compiles data for more than 70% of all newly diagnosed cancer cases in the United States. 12 Treatment data include the first course of therapy. This study was reviewed and approved by the Fox Chase Cancer Center Institutional Review Board. No patient consent was required for data analysis of an existing deidentified data set.
We identified all adult (age, <30 to ≥70 years) patients with CRC diagnosed between 2010 and 2012 in the NCDB participant user file. The study was conducted from March 16, 2016, to March 1, 2017. As shown in the eFigure in the Supplement, patients with CRC diagnosed before 2010 were excluded (due to low rates of reporting of MMR deficiency testing in the NCDB participant user file before this year), as well as patients without histologic diagnosis confirmation, noninvasive cancer, nonadenocarcinoma tumor histology, unknown tumor stage, or diagnosis at a reporting facility with treatment or decision not to treat done elsewhere (to optimize completeness and accuracy of data captured). To analyze underuse of MMR deficiency testing (ie, nonadherence to testing guidelines) in younger adult patients, we further limited our cohort to younger adult patients (age, 18 to 49 years).
Study Variables
The primary outcome of interest was receipt of MMR deficiency testing via immunohistochemistry (IHC) and/or polymerase chain reaction-based microsatellite instability analysis from initial diagnosis through the first course of treatment. Cancer registrars at participating NCDB sites were advised to utilize pathology reports, laboratory reports (internal or external), admission notes, or consultation notes (internal or external) to identify whether MMR deficiency testing was performed. Specific results of IHC or mutational status tests were not collected. Only patients with known MMR deficiency testing status were included in the present analysis (eFigure in the Supplement).
Charlson/Deyo comorbidity index was calculated by the International Classification of Disease, Ninth Revision, Clinical Modification secondary diagnosis codes (excluding cancer diagnoses and postoperative complications) obtained by registrars from discharge abstracts and billing records.
13 Educational level and income were estimated at the zip code level based on percentage of adults not graduating from high school and median household income. Patient residence was determined by matching the state and county Federal Information Processing Standard code at the time of diagnosis. Cancer programs (denoted in the NCDB as reporting facilities) were categorized according to type and geographic location.
We used the Sequence Number field in the NCDB participant user file to identify patients who presented with a first cancer or had a previous cancer diagnosis. Tumor stage was categorized utilizing the Analytic Stage Group field, which assigns the value of the reported pathologic stage group or clinical stage group. We categorized tumor location as proximal (ie, cecum to transverse colon), distal (ie, splenic flexure to sigmoid colon), or rectosigmoid or rectal. Treatment characteristics evaluated included receipt of definitive surgical resection, type of resection, number of regional lymph nodes (LNs) examined (ie, <12 vs ≥12) in patients who underwent colectomy, and receipt of chemotherapy.
Statistical Analysis
The objectives of this study were to evaluate utilization of MMR deficiency testing (ie, identify predictors of receipt of testing) in adult patients with CRC and underuse of recommended MMR deficiency testing in young CRC patients. Univariate associations between patient, tumor, facility, and treatment characteristics and MMR deficiency testing status and results were analyzed using χ 2 tests or Cochran-Armitage trend tests. Multivariable logistic regression was used to identify independent predictors of receipt of MMR deficiency testing in adult (≥50 years) patients, as well as independent predictors of underuse of testing in younger adult (18-49 years) patients. All patient-, tumor-, facility-, and treatmentlevel covariates were included in the primary and secondary multivariate analyses. To account for the clustering within facility, we used robust SEs via generalized estimating equations with a working independence assumption. 14 We used the Hosmer-Lemeshow test to evaluate goodness of fit. P < .05 was considered statistically significant, and all tests were 2-sided. Analyses were performed using SPSS statistical software, version 22 (SPSS Inc) and SAS software, version 9 (SAS Institute Inc).
Results
MMR Deficiency Testing in Adults With CRC
Among 152 993 adults with CRC, only 43 143 (28.2%) were documented as undergoing MMR deficiency testing. A total of 78 579 (51.4%) men were included; mean (SD) age of the cohort was 66.9 (13.9) years. There was an increase in the proportion of patients tested between 2010 and 2012 (22.3% vs 33.1%; P < .001) ( Table 1) . Several patient sociodemographics, tumor characteristics, facility type and location, and treatment were associated with MMR deficiency testing status on univariate analysis (Table 1) . After controlling for all other covariates, female sex, higher educational level, later diagnosis year, previous cancer diagnosis, stage II disease, 12 or more regional LNs examined, and receipt of chemotherapy were independently associated with MMR deficiency testing ( Table 2 ). In contrast, older age, African American race, lack of insurance or Medicare/Medicaid coverage, nonacademic or research facility type, stage 4 disease, rectosigmoid or rectal tumor location, histology (non-mucinproducing adenocarcinoma), unknown or lower tumor grade, and nonreceipt of definitive surgery or colectomy were independently associated with nonreceipt of MMR deficiency testing (Table 2) .
MMR Deficiency Testing in Younger Adults With CRC
Among 17 218 patients younger than 50 years, only 7422 (43.1%) were documented as undergoing MMR deficiency testing; as in the larger cohort of all adult patients, the proportion of patients tested increased between 2010 (36%) and 2012 (48%; P < .001) ( Table 3) . Several patient sociodemographics, tumor characteristics, facility type and location, and treatment were associated with MMR deficiency testing status on univariate analysis (Table 3) .
After controlling for all other covariates, higher educational level, later diagnosis year, stage II disease, and 12 or more regional LNs examined were independently associated with MMR deficiency testing ( Table 4 ). In contrast, older age (40-49 years), Hispanic ethnicity, lack of insurance or Medicare/ Medicaid coverage, residence in a nonmetropolitan county, nonacademic or research facility type, facility location, rectosigmoid or rectal tumor location, unknown grade, and nonreceipt of definitive surgery were independently associated with nonreceipt of MMR deficiency testing ( Table 4) .
Number of Regional LNs Examined at Colectomy and MMR Deficiency Testing
There was a strong association between number of regional LNs examined at colectomy and receipt of MMR deficiency testing both in the larger adult cohort and in younger patients. On multivariate analysis, examination of 12 or more regional LNs was the strongest predictor of receipt of MMR deficiency testing other than diagnosis year. We also assessed the association between the number of regional LNs examined and receipt of MMR deficiency testing according to diagnosis year and facility type ( Figure) . Within each diagnosis year, receipt of MMR deficiency testing was higher in patients who had 12 or more regional LNs examined, and rates of receipt of testing increased during the study period. Receipt of MMR deficiency testing was also higher in patients who had 12 or more regional LNs examined, irrespective of type of facility at which they were treated, although rates of receipt of testing were lower in nonacademic/research programs.
Discussion
To our knowledge, this is the largest study using a contemporary, multi-institutional cohort to examine utilization and underuse of MMR deficiency testing in patients with CRC in the United States. Despite growing interest in and endorsement of universal testing in patients with CRC during the study period and long-standing, national guidelines recommending routine testing in all patients with CRC younger than 50 years, only 28.2% of adult patients and 43.1% of younger adults with CRC in our study cohorts underwent testing. 3, 7 Although the proportions of patients tested increased during the study period, our results suggest that underutilization of MMR deficiency testing was significant and pervasive, even among young is likely to be cost-effective, the present study suggests that sociodemographic characteristics and insurance status may prove to be substantial barriers to effectively implementing such a strategy across diverse patient populations and facilities. 24 We identified various socioeconomic factors that were independently associated with underutilization and underuse of MMR deficiency testing. Although underutilization of MMR deficiency testing in older patients may reflect health care professionals' perceptions about decreased risk of MSI-H with increasing age, underuse of testing according to socioeconomic and insurance status potentially suggests that national guidelines are not being equitably applied across all sociodemographic groups. Our results are in line with those of previous studies demonstrating disparities in receipt of guidelinebased care in patients with CRC, particularly among nonwhite, non-privately insured, nonurban patients who tend to Our study further demonstrated significantly lower rates of MMR deficiency testing across nonacademic/teaching cancer programs. Furthermore, we observed a strong association between the number of regional LNs examined and rates of MMR deficiency testing even after controlling for diagnosis year and facility type. More specifically, among patients who underwent colectomy, those who had 12 or more regional LNs examined (a consensus standard for hospital performance with colectomy for colon cancer) were significantly more likely to undergo MMR deficiency testing than were those who had fewer LNs examined. 5, 27 This association remained consistent across years of diagnosis, despite the fact that the proportion of patients who underwent MMR deficiency testing increased, potentially reflecting gradual adoption of universal screening guidelines during the study period. Although a similar association between adequacy of number of regional LNs examined and MMR deficiency testing was observed across facility types, lower rates of testing were observed at comprehensive community and community cancer/other programs. These findings are consistent with those of other studies demonstrating differences in guideline-based care according to type of treatment facility and suggest that efforts to improve rates of MMR deficiency testing among patients with CRC should ideally be embedded within more comprehensive, multidisciplinary efforts to continually optimize oncologic processes of care and outcomes at these sites.
23,28-30
Limitations
The present study has several potential limitations. The NCDB is not population-based, which may limit the generalizability of our findings. 31 The available registry data may include misclassification due to coding errors and incomplete patient and treatment information. Although there were minor differences between our study cohorts and corresponding patients with unknown MMR deficiency testing (eTable in the Supplement), our findings may not be generalizable to these patients. Cancer registrars at Commission on Cancer sites that report to the NCDB track patients throughout the first course of treatment; however, it is possible that some patients underwent MMR deficiency testing at nonCommission on Cancer sites or after that time period. We were unable to determine whether the observed rates of underuse of MMR deficiency testing were partly due to underreferral. Finally, the study period predated the adoption of universal testing by several national consortiums; the current rates of testing may be significantly higher. The low rate of underuse of testing among young CRC patients noted in this study, however, demonstrates that guideline-based recommendations take a significant period of time to permeate routine care.
Conclusions
Our study demonstrates that, despite growing interest in and endorsement of universal testing for MMR deficiency in patients with CRC during the study period, as well as longstanding, well-established guidelines aimed at high-risk populations, utilization of testing in this population was limited and significant underuse of testing among younger adults persisted. Of particular concern, our study noted significant independent associations between patient socioeconomic and insurance status as well as cancer program location and type and utilization of MMR deficiency testing, suggesting that patient and health care system-level interventions tailored to groups at risk for nonadherence are warranted to ensure optimal and uniform implementation of newly endorsed, universal testing guidelines. Dissemination and implementation research are needed to enhance awareness and knowledge about Lynch syndrome among patients and health care professionals, increase referrals for genetic testing, and ensure adherence to both MMR deficiency testing guidelines and resulting cancer screening recommendations (eg, esophagogastroduodenoscopy, transvaginal ultrasonography). 6, [32] [33] [34] Analyses similar to the present study will be needed on an ongoing basis to track incremental progress toward closing this important clinical service gap.
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